IGH-resolution electron microscopy (HREM) has been used very effectively for the atomic scale observation of Although the B12 clusters were detected in the form of atomic clusters in Fig. 2 , a description of the possibility of light element detection, in the form of a 1 atom in the plane of projection, follows. A HREM image of Hg0.5Tl.5Ba2CuO5 taken along the [010] direction (a-axis) is shown in Fig. 3 (a), together with a projected structure model.25),26) The Hg0.5Tl0.5Ba2CuOx sample was prepared by a solid-state reaction using a wrapped gold foil and a sealed quartz tube technique from starting materials of HgO (yellow), Tl2O3, BaO2 and CuO. The upper side of the image is a vacuum in the electron microscope. There is no contamination layer at the sample edge, and the surface is stable and chemically in ert to both the solution (n-butanol) and the atmosphere (air). The HREM image clearly shows the metal atom ar rangements in the crystal, and the lines indicate the unit cell. Darkness and size of black spots corresponding to (Hg, T), Ba and Cu positions can be identified as being nearly proportional to their atomic numbers. A sharp flat crystal edge consisting of {100} (a-planes) is observed at the sur face in atomic scale. Weak black contrast is observed out side the (Hg, T) layers as indicated by arrows. An enlarged HREM image of the surface of Fig. 3 (a) is shown in Fig. 3  (b) . Weak black contrast is observed outside the (Hg, T) layers as indicated by arrows. Each metal atom has an origi nal atomic position, and there is no rearrangement of metal atoms. There is also no stable Cu-(Hg, T)-Cu layer at the surface. To observe the black contrast outside the (Hg, T) layers, the 200-255 gray scale was extracted from the origi nal image (0-255) of Fig. 3 (b) , as shown in Fig. 3 (c) . Black dots are clearly observed outside the (Hg, T) layers as indicated by arrows, and are believed to be oxygen atoms.27),28) From the HREM observation, a surface struc ture model of Hg0.5Tl0.5Ba2CuOx was proposed as shown in Fig. 3 (d) . Atomic coordinates are based on the X-ray diffraction analysis of HgBa2CCCCCCCCuOx. Hg, Tl and oxygen oc cupancies of (Hg, Tl) layers were assumed to be 0.5. In Fig.  3 (d) , oxygen atoms exist 0.34 nm outside the Hg layers, as determined from the observed HREM image of Fig. 3 (b) . The calculated HREM image based on the proposed model agrees well with the experimental one, as shown in Fig. 3  (e) . In order to apply superconducting thin films to electron ic nano-scale devices, the {100} plane (a-plane) should be flat and stable in atomic scale because the carrier transport is parallel to the a-axis. Most high-T, superconducting oxides have layered structures, with c-planes more stable than a-planes, as described in previous work.25) In the present investigation, stable a-planes of Ba-O-Ba layers were observed outside the Hg layers in Hg0.5Tl0.5Ba2CuO5 (1201-type structure). It is believed that the Hg layers are unstable because of the oxygen vacancies, and that the oxy gen atoms are effective for the stabilization of the {100} sur face of Hg layers. The present result indicates that direct atomic determination of light elements such as oxygen is pos sible under special conditions.
Quantitative analysis by HREM
In the present study, a slow-scan CCD camera with high linearity and electron sensitivity was used to record HREM images and electron diffraction patterns. Although ordinary negative films have no linearity for an electron beam, the digital data taken by the CCD camera can be used for quan titative analyses such as residual index and difference-image tion by image matching. In the present work , the observed image was fixed after processing in order to get information on the effects of thickness in the calculated images. It is be lieved that more accurate atomic positions can be deter mined by combining these RHREM values with observed HREM images recorded under optimum experimental con ditions with quantitative devices. Recently, high quality YB56 single crystals have been syn thesized for use as high-resolution and synchrotronradiation-resistant monochromators. The YB56 has yttrium site occupancies of 0.575 from single X-ray diffraction ,37 which suggests a peanut-shaped "Y-hole" (a pair of yttrium atoms). In actual local arrangement, correction of Y atom occupancy seems to be necessary.38 Here, the information for the disordering of atomic arrangements in YB56 was ob tained from digital HREM images. A HREM image of one unit cell is shown in Fig. 5 (a) .39 Figure 5 (b) is a calculated image at a defocus of 45 nm and a crystal thickness of 6 slices (4.063 nm), which corresponds to a minimum RREM value of 0.251. Along the [111] direction , yttrium atom po sitions appear as dark spots in both observed and calculated images as indicated by arrows. The shortest distance of yt trium atoms in the projected plane is 0.192 nm, which is clearly separated in both images. However, the darkness of the yttrium atom positions in the observed image of Fig . 5  (a) is weaker compared to those in the calculated image of Fig. 5(b) . The super-icosahedral (B12) 13 clusters appear dark in both Figs. 5 (a) and 5 (b), and the structure models of (B12)13 clusters along the 3-fold and 5-fold axes are shown in Figs. 5(a) and 5(f), respectively. Figure 5(c) is the difference image of Figs. 5 (a) and 5 (b) . The difference image is calculated as Ios-Ial for each digital-image pixel in the unit cell. Yttrium atom positions and non-icosahedral B24 clusters (Fig. 5 (e) ) around the Y-holes show white con trast. This indicates the difference between the observed (Fig. 5 (a) ) and the calculated images (Fig. 5(b) ) is large at these positions, which means the atomic arrangements of the Y-holes and non-icosahedral B24 clusters are disordered compared to the X-ray data. When the Y-holes are formed, the cubic system around them is destroyed locally. The B24 clusters have a low occupancy of 0.64 and a large tempera ture factor of 0.058nm2. In the present study, disordering of the boron atom positions was detected from the difference images. Since there are various types of higher borides and fullerene compounds, this kind of detection could be very useful for evaluation of the disordering of light elements such as boron and carbon atoms. Accurate atomic positions of the Y-atoms in YB56 were determined by combining HREM imaging and electron diffraction.40) Figure 6 (a) shows a HREM image of YB56 recorded along the [001] direction using the slow-scan CCD camera. The left side of the image is the thinnest region of the YB56 crystal. A unit cell of YB5 is indicated by white lines. Fourier transform of Fig. 6 (a) is shown in Fig . 6 (b) . An open circle indicates the resolution limit of the electron microscope of 0.17 nm (JEM-4000EX). The reciprocal lat tice was indexed, and the lattice distances estimated using the positions of the strongest peaks in the transform . The lo cal background and reflections below the resolution limit (outside of the circle in Fig. 6 (b) ) were subtracted, and the amplitudes and phases of the peaks were determined. Twenty-three independent reflections were obtained and are listed in Table 1 . Before correcting the phases, the phase origin was determined by investigating the origin shift that gave the best accordance with the phase condi tions for the two-dimensional space group.19) The corrected phases, as refined by using crystallographic symmetrization based on the two dimensional space group of p4mm, were used for the reconstruction of the Fourier transform. Figure  6 (c) is an electron diffraction pattern of YB56 recorded along the [001] direction; 72 independent reflections were obtained. The amplitudes corresponding to 0.08 nm were also estimated, indicating a higher resolution than that of the HREM image. A HREM image of YB56 reconstructed with amplitudes from electron diffraction patterns of Fig. 6 (c) is shown in Fig. 6 (d) . The symmetrized and corrected phases given in Fig. 6(b) are used for the inverse Fourier transformation.19) Y-atoms are clearly observed as indicated by arrows. A line profile (trace along PR) of the recon structed image is shown in Fig. 6 (e) . The distance between the Y-holes (Y*) measured 0.2740nm. Distance between Y atoms as determined by single X-ray diffraction is 0.2716 nm. The difference between these values, from the recon structed HREM image (Fig. 6 (d) ) and by X-ray diffraction, is 0.002nm, a less than 1% (0.0024nm) error which is small for HREM image analysis. This result indicates that the combination of phases extracted from HREM images, corrected based on the crystallographic image processing and amplitudes extracted from electron diffraction, is useful for the determination of atomic positions of heavy atoms such as Y in clusters of the light elements of boron. This kind of method enables us to determine accurate atomic po sitions (error<1%) by combining HREM images and elec tron diffraction in nanoscale (<20nm) regions. Some other useful methods have also been developed.41)- 43) 4. Structural optimization and 3-dimensional HREM A new structure was formed by electron beam irradiation, and HREM structure analysis and structural optimization by first-principle calculations carried out. Pd clusters of 2.5 nm were stabilized by ligands on amorphous carbon. Pd clusters in amorphous carbon matrix were irradiated with an electron beam for 60 min under a beam current of 0.015 Am-2 at 200 kV.44) This beam current is ca. 20 times higher than that used for ordinary observation by electron microscopy. Graphitization of amorphous carbon was ob served; confirmed by the lattice fringes of graphite layers with a spacing of ca. 0.34nm. Structural change due to the Pd intercalation was observed in the lattice image of graphite, with the graphite sheets showing larger lattice dis tances of 0.4nm compared to those of ordinary graphite carbon (0.336nm=cG/2).
A HREM image of graphite {002} planes with Pd intercalation is shown in Fig. 7 (a) . Dark lines corresponding to graphite {002} planes are indi cated by the white bars (G). Dark contrast with a distance of 0.40 nm is observed between the graphite sheets, and is believed to be Pd atoms. The distances between these dark dots is 0.4nm, which roughly corresponds to 0.426nm (=aG3,aG=0.246nm, graphite system). This indicates that the direction of the incident beam is aligned to the [100] direction of the graphite, when the Pd atoms are as sumed to be just above the center of hexagonal carbon bond ing. Based on these experimental results, a structural model for Pd intercalation in graphite was constructed as shown in Figs. 7(a) and 7(b). The new lattice parameters are aPd= 0.492nm and CPd=0.80nm, and the atomic ratio of Pd to C is 1:8.45) By Pd intercalation, a lattice parameter along the c-axis increases to 0.8 nm. However, the a-axis is stable; be lieved to be due to the strong a bonding in the graphite sheets and a weak bonding perpendicular to the c-planes. Although normal graphite shows a stacking sequence of ABAB, the first stage intercalation shows a stacking se quence of AAAA,46) as shown in Fig. 7 (a) . Several types of structural models can be considered, depending on the atomic ratio of Pd and C. To investigate the atomic struc ture, HREM images were calculated based on the proposed Pd intercalation model, and the calculated HREM image along the [100] direction is shown in Fig. 7(c) . The ex perimental HREM image of Fig. 7 (a) agrees with the simu lated image of the Pd-intercalation model. . All images were taken under conditions of weakphase objective approximation and at the Scherzer defocus. This 3-dimesional HREM image is different from conven tional 2-dimensional HREM images, and it shows the 3-dimensional potential map of the crystal. The 3-dimensional image of YB56 in Fig. 8 (b) shows a complicated potential ar rangement, which is due to the complexity of the YB56 struc ture. Although the 3-dimensional HREM images do not show the potential map when the dynamical effect is strong (thick crystal), they will be useful for 3-dimensional struc ture analyses in nanoscale regions.
5. Summary Advanced new ceramic materials are expected to be avail able for use as new energy and information materials, on which devices for solving energy and information problems will be based. The properties of these new materials will be strongly dependent on the atomic arrangements, the direct atomic analysis of which will have been contributed to by HREM.55) In addition to such direct atomic observation, in formation from such methods as nano-electron diffraction, electron energy-loss spectroscopy (EELS), energy disper sive X-ray spectroscopy (EDX) and electron holography has being combined recently by progress with the electron gun. It will soon be possible to clarify atomic arrangement, composition, electronic state and magnetic structure of the nano-regions in these advanced materials.
